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(57) ABSTRACT

A system and method for designing photonic band gap
structures. The system and method provide a user with the
capability to produce a model of a two-dimensional array of
conductors corresponding to a unit cell. The model involves
a linear equation. Boundary conditions representative of
conditions at the boundary of the unit cell are applied to a
solution of the Helmholtz equation defined for the unit cell.
The linear equation can be approximated by a Hermitian
matrix. An eigenvalue of the Helmholtz equation 1s calcu-
lated. One computation approach involves calculating finite
differences. The model can include a symmetry element,
such as a center of inversion, a rotation axis, and a mirror
plane. A graphical user interface 1s provided for the user’s
convenience. A display i1s provided to display to a user the
calculated eigenvalue, corresponding to a photonic energy
level 1n the Brilloin zone of the unit cell.
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PHOTONIC BAND GAP STRUCTURE
SIMULATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional

patent application Ser. No. 60/298,434, filed Jun. 15, 2001,
which application 1s incorporated herein in 1ts entirety by
reference. This application also incorporates by reference

the entire disclosure of co-pending U.S. patent application
Ser. No. 10/037,661, filed Jan. 4, 2002, entitled “Vacuum

Electron Device With Photonic Bandgap Structure And
Method Of Use Thereof” (hereinatter “the 661 applica-

tion”), which application 1s subject to assignment to the
same assignee of the present application.

GOVERNMENT RIGHTS

This 1nvention was made with government support under
Grant No. F49620-99-0197 and Grant No. F49620-01-0007

awarded by the United States Air Force Office of Scientific
Research, and Grant No. DE-FG02-95ER40919 awarded by
the Department of Energy. The government may have cer-
tain rights in the invention.

FIELD OF THE INVENTION

This 1nvention relates generally to modeling electronic
structures devices. More particularly, the invention relates to
modeling electronic structures that comprise a photonic

bandgap (PBG).

BACKGROUND OF THE INVENTION

Since the pioneering work of Yablonovitch in the late
1980s, photonic band gap (PBG) structures have emerged as
a growth area for research and development. The existence
of local and global photonic band gaps 1n periodic dielectric
and/or metallic structures has enabled physicists and engi-
neers to find novel areas of applications. Previously pro-
posed or demonstrated applications of dielectric PBG struc-
tures range from the controlling of spontancous emission in
optical devices, to the applications of photonic crystals 1n
semiconductor lasers and photovoltaic cells, to the omnigu-
ide formed with alternating dielectric layers. While 1nitial
studies of PBG structures were primarily focused on dielec-
tric PBG structures, metallic PBG structures, as well as
dielectric-metallic hybrids, have received considerable
attention recently, because of their applications 1n rf accel-
cerators and high-power microwave vacuum electron
devices, and 1n the transmission and filtering of microwaves.
In particular, single-mode PBG rf accelerating cells have
been demonstrated by creating a single defect in PBG
lattices, and a PBG resonator gyrotron has been demon-
strated experimentally with high mode selectivity.

There are two 1important aspects that need to be studied in
order to facilitate the design of metallic PBG devices. One
involves the wave propagation 1n the bulk of the metallic
PBG structure, and the other concerns the wave interaction
with the interface between the metallic PBG structure and
vacuum, €.g., mode confinement 1n a metallic PBG cavity.
For analyses of metallic PBG cavities formed by single or
multiple defects 1n the PBG structure, finite-element codes
such as SUPERFISH and HFSS are ideally suited. The
SUPERFISH eigenmode solver was written at the Los
Alamos National Laboratory (LANL), and 1s available at no
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cost from the web site http://laacgl .lanl.gov/laacg/services/
psugall.html. Ansoit High Frequency Structure Simulator

(HFSS) 1s a commercially-available 3D electromagnetic
code. For studies of wave propagation in the bulk of metallic
PBG structures, on the other hand, the generalized Rayleigh
expansion method, plane-wave expansion method, and
finite-difference time-domain scheme have been used.

One of the most important and computationally challeng-
ing problems 1s the calculation of the global photonic band
gaps 1n metallic lattices. While a number of papers have
dealt with the global photonic band gaps 1n dielectric
lattices, results for a metallic lattice have only been obtained
for TM modes 1n the lowest gap of a square lattice.

SUMMARY OF THE INVENTION

In one embodiment, a vacuum electron device with a PBG
structure can include a PBG structure that 1s capable of
overmoded operation, as well single mode operation. PBG
structures are, 1n some embodiments, two-dimensional (2D)
or three-dimensional (3D) periodic structures with restricted
transmission bands at certaimn Irequencies. Such vacuum
clectron devices include gyrotron oscillators and amplifiers,
traveling wave tubes, traveling wave tube amplifiers,
klystrons, microwave tubes, and the like. The device with
the PBG structure can include a single cavity, or the device
can include a plurality of cavities. The PBG structure
permits the device to operate more efliciently.

PBG cavities offer several advantages, including, but not
limited to, an oversized structure that oflers ease of fabri-
cation; a structure that 1s suitable for high frequency opera-
tion; and a structure that can include an absorbing peripheral
boundary. PBG structures can be used to provide higher
order mode discrimination. Coupling into a PBG cavity can
be performed using a variety of coupling schemes, and the
coupling can be optimized. Coupling into a PBG cavity 1n
some embodiments mvolves distributed coupling. Distrib-
uted coupling results in relatively small disturbance of the
resonant mode frequency when compared with conventional
hole coupling.

In the design and construction of suitable PBG cavities,
there has not been a convenient system or method for
deducing the appropnate structure or structures for use 1n a
particular situation. The necessary calculations are complex,
and the physics 1s not always intuitive. Many design choices
are potentially possible, including different geometries, and
the use of different materials, such as metals, dielectrics, and
combinations ol metals and dielectrics. The present inven-
tion provides systems and methods for performing the
necessary design calculations 1n a straightforward manner,
to obtain a suitable PBG structure. The present invention
permits the PBG designer and constructor to design and
construct (and later operate) a PBG structure with confi-
dence that 1t will work as intended. As 1s understood 1n the
arts relating to building prototypes, the construction of a
prototype can be expensive and time consuming. The
present invention allows the designer to consider alternative
designs to accomplish a particular technical effect or result,
such as propagating a particular frequency of radiation under
specified conditions, performing filtering, performing mix-
ing, or performing switching. The designer can then perform
design calculations according to the principles of the mnven-
tion and can then make an mformed election as to which of
the designs that provide a suitable structure will be con-
structed, with the expectation that the PBG structure so
constructed will perform the intended function.




us 7,117,133 B2

3

In one aspect, the invention relates to a system for
designing a photonic bandgap structure. The system com-
prises a modeling module representing components of a
photonic bandgap structure as a linear equation correspond-
ing to a unit cell, and a boundary condition module repre-
senting a boundary condition for the umt cell. The boundary
condition 1s applied to a solution of a Helmholtz equation
defined for the umit cell. The system also comprises an
approximation module approximating the linear equation
using a Hermitian matrix, and a computation module cal-
culating an eigenvalue of the Helmholtz equation in a
Hermitian matrix form for the unit cell. In one embodiment,
the system further comprises a design module constructing,
a photonic bandgap structure in response to the calculated
cigenvalue.

In one embodiment, the computation module calculates
cigenvalues by calculating finite differences. In one embodi-
ment, the unit cell has a symmetry element comprising a
selected one of a center of 1nversion, a rotation axis and a
mirror plane.

In one embodiment, the system further comprises a
graphical user interface module for providing a graphic user
interface for user interaction with the modeling module.

In one embodiment, the system further comprises a dis-
play module displaying a calculated eigenvalue result to a
user. The result corresponds to a photonic energy level 1n a
Brillouin zone of the unit cell.

In another aspect, the invention features a system for
designing a photonic bandgap structure. The system com-
prises a modeling means for representing components of a
photonic bandgap structure as a linear equation correspond-
ing to a unit cell, a boundary condition means for represent-
ing a boundary condition for the unit cell, an approximation
means for approximating the linear equation using a Her-
mitian matrix, and a computation means for calculating an
eigenvalue of the Helmholtz equation 1n a Hermitian matrix
form for the unit cell. The boundary condition 1s applied to
a solution of a Helmholtz equation defined for the unit cell.

In one embodiment, the system further comprises a design
means for constructing a photonic bandgap structure in
response to the calculated eigenvalue.

In one embodiment, the computation means calculates
eigenvalues by calculating finite differences. In one embodi-
ment, the unit cell has a symmetry element comprising a
selected one of a center of 1nversion, a rotation axis and a
mirror plane.

In one embodiment, the system further comprises a
graphical user interface means for providing a graphic user
interface for user interaction with the modeling means.

In one embodiment, the system further comprises a dis-
play means for displaying a calculated eigenvalue result to
a user. The result corresponds to a photonic energy level 1n
a Brillouin zone of the unit cell.

In still another aspect, the invention relates to a method of
designing a photonic bandgap structure. The method com-
prises the steps of representing components of a photonic
bandgap structure as a linear equation corresponding to a
unit cell, representing a boundary condition for the unit cell,
approximating the linear equation using a Hermitian matrix
corresponding to the umt cell, and calculating an eigenvalue
of the Helmholtz equation by solving the Hermitian matrix
equation. The boundary condition 1s applied to a solution of
a Helmholtz equation defined for the unit cell.

In one embodiment, the step of calculating an eigenvalue
comprises calculating finite differences. In one embodiment,
the step of representing components comprises representing,
components of a photonic bandgap structure as a plurality of
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linear equations corresponding to a unit cell having a
symmetry element selected from a center of inversion, a
rotation axis and a mirror plane.

In one embodiment, the method further comprises the step
ol accepting from a user parameters of the photonic bandgap
structure using a graphic user intertace.

In one embodiment, the method further comprises the step
of displaying a result of a design calculation to a user
corresponding to a photonic energy level 1n a Brillouin zone
of the unit cell.

In a further aspect, the mvention relates to a photonic
bandgap structure fabricated 1n accordance with the result of
the method described above.

The foregoing and other objects, aspects, features, and
advantages of the invention will become more apparent from
the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

-

T'he objects and features of the immvention can be better
understood with reference to the drawings described below,
and the claims. The drawings are not necessarily to scale,
emphasis 1stead generally being placed upon illustrating
the principles of the invention. In the drawings, like numer-
als are used to indicate like parts throughout the various
VIEWS.

FIG. 1A 1s a drawing showing a perspective view ol an
illustrative embodiment 1n the form of a triangular (or
hexagonal) symmetry photonic bandgap cavity comprising a
plurality of movable and temperature-controlled members;

FIG. 1B 1s a drawing showing in cutaway cross-section a
structure usetul for controlling the temperature of movable
members;

FIGS. 2A and 2B are drawings showing an embodiment
of a 140 GHz PBG cavity having a periodic triangular
lattice, 1 perspective and side views, respectively;

FIG. 3 1s a diagram that shows the arrangement of an
embodiment of a gyrotron oscillator device with the photo-
nic bandgap structure (“PBG gyrotron oscillator”) in a 140
GHz operating environment;

FIG. 4A 1s an illustrative diagram that shows the geometry
of an embodiment of a square two-dimensional (2D) pho-
tonic bandgap lattice having members with radius a and
lattice spacing b, that 1s suitable for use as a photonic band
gap structure, according to principles of the mvention;

FIG. 4B 1s a diagram that shows a triangular or hexagonal
two-dimensional lattice having members with radius a and
lattice spacing b, that 1s suitable for use as a photonic band
gap structure, according to principles of the invention;

FIGS. 5A and 5B are diagrams that illustrate, respectively,
the irreducible Brillouin zones of the corresponding recip-
rocal lattices for a square lattice such as that of FIG. 4A and
a triangular lattice such as that of FIG. 4B;

FIG. 6A 1s a diagram showing two-dimensional plots of
the normalized frequency wb/c versus normalized wave
vector (k, b/2mw, k b/27) for the first- and second-propagation
bands of a square 2D lattice calculated using a/b=0.2, which
plots 1indicate the presence of a photonic bandgap;

FIG. 6B 1s a diagram that shows an illustrative Brillouin
diagram calculated for a TM mode of an exemplary square
array 2-D PBG cavity;

FIG. 6C 1s a diagram that shows the normalized bandgap
width Awb/c vs. a/b calculated for a TM mode of an
illustrative square array PBG cavity using the PBGSS cal-
culation of the invention and the same curve derived theo-
retically;
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FIGS. 7A-7D are diagrams showing further examples of
the dispersion curves obtained using the PBGSS code,
according to principles of the invention;

FIGS. 8A-8D are diagrams showing the results of the
global band gap calculations for both square and triangular

lattices, according to principles of the invention;
FIGS. 9A-9B are drawings that show the cross-section of

the HFSS model of the PBG accelerator cavity mn a TM
mode and a TE mode respectively; and

FIG. 10 1s a schematic tlow diagram that shows the steps
performed 1n an 1llustrative method according to principles
of the invention.

DETAILED DESCRIPTION

A brief description of a vacuum electron device having a
PBG structure, based on the disclosure 1n the 661 applica-
tion, 1s presented as introductory material to acquaint the
reader with the features of PBG structures. The description
of the systems and methods used to perform simulations
useful 1 designing and analyzing such PBG structures
follows.

A PBG structure, which 1s a periodic array of spatially
varying dielectric or metallic structures (or combinations of
metallic and dielectric structures), was first described by
Yablonovitch. In recent years, numerous advances have
improved the understanding of the theory of PBG structures.
This has led to new applications 1n passive devices for
guiding and confinement of electromagnetic radiation. The
use of PBG structures in both microwave and optical devices
has primarily been limited to passive devices such as
waveguides and filters, though some applications 1n active
devices have been reported.

FIG. 1A 1s a drawing showing a perspective view of an
illustrative embodiment in the form of a triangular (or
hexagonal) symmetry photonic bandgap cavity 100 com-
prising a plurality of movable and temperature-controlled
members 102, disposed 1n a supporting structure, such as
baseplate 105. The baseplate 105 can be made of metal. In
one embodiment, the members 102 are metallic right circu-
lar cylinders. In other embodiments, the members 102 are
rectilinear structures such as fingers having polygonal cross
section, for example, triangles, squares, hexagons, octagons,
and the like. A two-dimensional (2D) PBG cavity 100 made
of a lattice (or array) of members 102 with a defect (1.e., a
missing member 102' or several missing members 102) in
the center 1s used 1n a variety of microwave tubes, such as
klystrons and coupled cavity traveling wave tubes (TWT).
For the configuration shown 1n FIG. 1A, a defect mode of
the lattice 1s used as an operating mode. The defect 1s
provided by the deliberate removal (or deliberate failure to
provide) a member 102', shown in phantom, at one trian-
gular vertex of the array. This defect mode 1s analogous to
the TM,,,, mode of a pill-box cavity. The advantage of the
PBG cavity 100 1s that only the operating mode 1s localized
in the vicinity of the defect. Higher-order high-frequency
modes penetrate through the rows of members 102 and
therefore can be damped (or spilled over) without affecting,
the operating mode. Thus, this cavity 100 i1s capable of
suppressing unwanted modes. In addition, the rf coupling
into the operating mode 1s improved because the coupling 1s
distributed over the members 102, yielding a more symmet-
ric field distribution 1n comparison with direct waveguide
coupling.

The PBG cavity 100 can be tuned, for example by
removal or by partial withdrawal of individual members
102. The tuning can be simulated by computations, as
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6

discussed 1n greater detail below. In addition, the coupling of
the cavity 100 can be adjusted to achieve critical coupling.
Adjustments can include changes 1n the direction of propa-
gation of the electromagnetic radiation relative to the geom-
ctry of the PBG, as well as changes in the number of
members 102 present 1n the PBG and changes 1n the length
of one or more members 102 within the PBG. The changes
can be performed dynamically during the operation of the
PBG, or the changes can be performed with the PBG 1n a
non-operating condition, or both sequentially.

In particular, the illustrative embodiment shown in FIG.
1A comprises two hexagons of members 102 (e.g., metal
rods or rectilinear fingers) surrounding the central defect
(e.g., the missing member 102' in the center of the 2D array).
In this embodiment, the imnnermost hexagon comprises six
(6) members 102. The next hexagon comprises twelve (12)
locations that are potentially the sites at which members 102
are present.

As can be seen 1n FIG. 1A, the majority of members 102
are rectilinear structures that extend a fixed distance above
the baseplate 105. The member 102" has been withdrawn to
the extent of substantially 100 percent of its length in the
PBG (e.g. removed entirely), as indicated by the phantom
102" shown in outline. This withdrawal can be accom-
plished by moving the member 102 slidably through a bore
107 1n the baseplate 105, and holding the member 102 1n a
specific position by clamping the member 102, for example
with a set screw (not shown) that extends against the
member 102 1n the plane of the baseplate 10S. Alternatively,
the member 102 can have a thread 108 on its outer surface,
which mates with an internally threaded bore 109 through
the baseplate 103, so that the member 102 can be advanced
into or withdrawn from the PBG by being rotated, thereby
activating an axial motion as the screw thread 108 turns. The
member 102 has been withdrawn to the extent of approxi-
mately 66% of 1ts extension in the PBG, while the member
102"" has been withdrawn only a modest amount.

FIG. 1A further includes an illustrative diagram that
shows the geometry of a triangular (or hexagonal) two-
dimensional (2D) photonic bandgap lattice. In FIG. 1A, the
directions of the x 302 and negative v 304 vectors defining
the basis vectors of the two dimensional array are shown.
Since the lattice or array of FIG. 1A 1s a triangular or
hexagonal lattice, the distance between centers of adjacent
rods 102 or fingers 1s the distance b 306, that 1s, the centers
of three rods 102, here indicated as being connected by solid
lines 308, form an equilateral triangle which 1s a triangular
“unit cell” of the array. The dotted parallelepiped comprising
dotted lines 310 located with one of its vertices at the origin
(x=0, y=0) indicates the hexagonal “umt cell” of the lattice.
One can recognize the hexagonal nature of the lattice by
considering all of the locations of rods or rectilinear fingers
other than the one at the origin. In this diagram, the x 302
axial direction corresponds to one of several possible vertex
coupling directions, and the negative y 304 axial direction
corresponds to one of several possible side coupling direc-
tions.

FIG. 1B 1s a drawing showing in cutaway cross-section a
structure usetul for controlling the temperature of movable
members 102. The member 102 1s shown 1n cutaway section,
and plate 105 1s idicated as a plane surface. The cutaway
line 104 allows the viewer to see the mterior of the member
102. The member 102 has interior surfaces or walls 110, and
an 1nterior upper surface, not seen. A tubulation 120, such as
a hose, enters the interior of the member 102 through an
opening in the bottom surface 125 of the member 102.
Cooling fluid 130 provided by a source (not shown) tlows up
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through tubulation 120 and exits its open end 122, flowing
within the interior walls 110 of member 102 so as to control
the temperature of the member 102 by conduction. The fluid
130 can be water. The fluid temperature 1s regulated by
standard means to provide adequate heating or cooling to
control the temperature of the member 102. A tubulation 1135
for removing the fluid from the interior of the member 102
1s provided. The tubulation 115 penetrates the bottom sur-
tace 125 of the member 102 to provide egress at an opening
117 defined within the bottom surface 125 from the interior
volume within the member 102. As can be seen with regard
to the member 102 and the phantom 102a, the member 102
can be both movable and temperature-controlled. Tempera-
ture control 1s useful to permit operation of the PBG
structure at high power without damage.

FIGS. 2A and 2B are drawings of a 140 GHz PBG cavity
100 constructed of two oxygen free high conductivity
(OFHC) copper endplates perforated with 121 holes 1n a
periodic triangular lattice. The spacing between the adjacent
rows of rods in the horizontal direction 1s 1.76 mm and 1n the
vertical direction 1s 1.02 mm. One hundred and two (102)
OFHC copper rods of Yis inch diameter are placed in the
outer holes. A small hole in the center of the first (entrance)
endplate formed the cut-off section of the cavity 100 while
a larger hole 1n the second (exit) endplate was used to extract
the electromagnetic radiation from the cavity 100 through
diffraction. The entire structure 1s held together with
mechanical fasteners such as bolts and nuts. If the fasteners
are far enough away from the active portion of the PBG
structure, the fasteners can be made of metal. If the fasteners
are likely to be close enough to the PBG structure to aflect
the fields therein, the fasteners can be made of an insulator
such as Nylon, Teflon or ceramic materials. Ceramic screws
and nuts are known, and can be purchased from Ceramco,
Inc. of Center Conway, N.H.

The cavity 100 need not necessarily comprise an array of
metal rods. In an alternative embodiment, it can be an array
comprising either natural or synthetic dielectric maternial or
a combination of dielectrics and metals.

The 140 GHz cavity described above was tested 1n actual
operation 1n an electron beam system shown i FIG. 3. FIG.
3 1s a diagram that shows the arrangement of the gyrotron
oscillator device with the PBG structure (“PBG gyrotron
oscillator”) 100 in an operating environment, and omits
pumping ports and various diagnostic features. A hollow
annular electron beam 1s produced at an emitter 320 of a
magnetron injection gun (MIG) 321, which 1s separated
from the remainder of the apparatus by a gate valve 327. The
clectron beam 1s controlled and focussed within the MIG
321 by gun magnets 323. The electron beam was guided
through the PBG cavity 100 immersed in a 5.4 Tesla (1)
magnetic field provided by a superconducting magnet 350.
The electron beam traverses the PBG cavity 100 passing
through the holes 1n the endplates. The spent electron beam
emerging from the cavity 100 after interaction was collected
by a steel pipe which also served as a waveguide to transport
the electromagnetic radiation from the cavity 100 to the
window 330 of the gyrotron. The electron beam propagates
in a beam tunnel 340. Stray electrons are collected by a
collector 360 situated at the downstream end of the beam
tunnel 340.

In order to test the PBG gyrotron oscillator for mode
selectivity, the device has been operated at 68 kV, 5 A over
the magnetic field range of 4 to 6 1. The mode with an
operating frequency of 140.05 GHz (TE,,,) 1s the only
strong mode emanating from the cavity. Angular scans of the
output radiation were used to verily that the 140 GHz mode
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1s a TE,,-like mode. This result 1s direct confirmation of the
mode selectivity of the PBG cavaity.

The description of the Photonic Band Gap Structure
Simulator (PBGSS) code 1s now presented. This code allows
one to calculate the Brillouin diagrams 1n both, metal square
and metal triangular lattices. The code represents an exten-
sion of global band gap calculations to triangular as well as
square lattices and to a very wide range of frequencies.

The code calculates the dispersion curves for two types of
metal lattices, namely, the square lattice shown 1 FIG. 4A
and the triangular lattice shown i FIG. 4B, in which
radio-frequency (RF) waves propagate. In one embodiment,
the lattice 1s modeled as comprising a 2D periodic array of
perfect conductors. FIG. 4A 1s an 1llustrative diagram that
shows the geometry of a square two-dimensional (2D)
photonic bandgap lattice. In FIG. 4A, the directions of the x
402 and y 404 vectors defining the basis vectors of the two
dimensional array are shown. Since the lattice or array of
FIG. 4A 1s a square lattice, the distance between centers of
adjacent rods 102 or fingers 1s the distance b 406 1n both the
X and vy directions. The dotted square 408 located with its
center at the origin (x=0, y=0) that encloses the central
member 102 of the array indicates the “unit cell” of the
lattice. FIG. 4B 1s an illustrative diagram that shows the
geometry of a triangular (or hexagonal) two-dimensional
(2D) photonic bandgap lattice. In FIG. 4B, the directions of
the x 412 and y 414 vectors defining the basis vectors of the
two dimensional array are shown. Since the lattice or array
of FIG. 4B 1s a triangular (or hexagonal) lattice, the distance
between centers of adjacent rods 102 or fingers 1s the
distance b 416. The dotted parallelepiped 418 located with
its center at the origin (x=0, y=0) that encloses the central
member 102 of the array indicates a “unit cell” of the
hexagonal lattice, while the triangle of solid lines 416
indicates a “unit cell” of the triangular lattice.

The system of 2D perniodic array of perfectly conducting,
metal cylinders 1s fully described by the periodic conduc-
tivity profile, which for the case of square lattice 1is:

(1)

. (x—mb)* + (v —nb)* < a’,

olx)=0(x.) = { ”
0,

otherwise,

and for the triangular lattice 1s given by:

| 00, [x— (m+ ﬁ)br + _y— ﬁnb_z <a*, (2)

ox)=oc(x,) =+ 2 2

0,

otherwise,

In (1) and (2), (x, y) are the transverse coordinates, X =xe,+
ye, 1s the transverse displacement, a is the radius of the
conducting cylinder, b 1s the lattice spacing, and m and n are
integers. In other embodiments, the metal cylinders can be
conductive elements having less than perfect conductivity,
that 1s, elements that represent materials having a finite
resistance R. The resistance R can be a function of tempera-
ture, frequency, composition and other factors known to
aflect the conductivity of real conductors.

The conductivity profile satisfies the periodic condition:

U(‘xJ__l_Tmn ):G('XJ_) »

(3)
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with the set of periodicity vectors T defined as:

( (4)

mbe, + nbe, (square lattice),

V3

H ~ M~ . .
k (m + E)bex + Tnbey (triangular lattice).

The wave field 1n the two-dimensional PBG structures can
be decomposed into two independent classes of modes: the
transverse electric (TE) mode and the transverse magnetic
(TM) mode. In TE mode the electric field vector 1s perpen-
dicular to the pole axis and 1n TM mode the magnetic field
vector 1s perpendicular to the pole axis. All the field com-
ponents 1n the TM (TE) modes can be expressed through the
axial component of the electric (magnetic) field, which we
will further denote by W. Since the system 1s homogeneous
along the z-axis, one can take the Fourier transtform of W 1n
axial coordinate z and time t and consider:

Wx L, ke O] (5, 2, 0T 0dzdr (5)

which will be denoted hereafter by (x| ) assuming that the
frequency m and the longitudinal wave number k_ are fixed.
The Helmholtz equation for (x,) follows from the Max-

well equations:

2

: L w (6)
v_n_ W(X_L) — kf_ _ C_z 'ub(X_L)-

The boundary conditions on the surfaces S of the conducting
poles are:

Yl~0 (TM mode), (7)

( oy 8)
on

] = (TE mode),

&

where n 1s the normal vector to the pole surface.

The discrete translational symmetry of the conductivity
profile allows one to write the fundamental solution of the
Helmholtz equation in Bloch form so that:

W+ D)=y (x e, (9)
where T is any vector of T,,,,, k,=k € +k €, 1s an arbitrary
transverse wave number. Thus one need only solve (6) inside
the Tundamental unit cell defined by:

XI=5h/72, W=5b/2 (square lattice), (10)

(11)

x__

V3

ly| = Tb (triangular lattice).

= -,
2
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The following periodic boundary conditions are deduced
from (9):

(b b (12)
500 =50

% (square lattice),

(13)

(triangular lattice),

Equations (6) together with boundary conditions (7) and
(12) or (8) and (13) define the eigenvalue problem of finding

A =w*/c*-k_* as a function of k.

The periodicity of the exponent 1 (9) means that the
possible values k, can be restricted to the irreducible
Brillouin zones of the corresponding reciprocal lattices,
which for the cases of square and triangular lattices are
illustrated 1 FIGS. SA and 3B, respectively. The three
special points 1 FIG. SA, I', X and M correspond respec-
tively to

b

Sl A
p»

and

The three special points 1n FIG. 5B, I', X and J correspond
to

27

V3 b

k, =0k, =

I
| [
o
Hna:a'
.I_
e
My
"
m—

2, and k, =

The PBGSS code 1s based on a real-space finite difference
method. One covers the fundamental unit cell of the square
(triangular) lattice by a square (triangular) mesh with (2IN+
1)x(2N+1) mesh points. Outside the conducting poles, the
Helmholtz equation (6) 1s approximated by the set of linear
relations between the values 1, ; of the function 1(x , ) at the
point (1, 1) of the mesh (the mesh point 1=1=0 corresponds to
the origin of the fundamental cell). One can refer to the
equation:

Wi HYPi 1_;+1Pfj+1+lpy'—1_41Pf;:_}‘~2hzlpf; (14)

for the square lattice, and:

Aivj+Wij+i o 1) — (15)

(Wit i1 = Wivt, i1 — Wit o1 + Wit j-1) = 16 ; = =327 B2y,

for the triangular lattice, as “equation (1, 1)”. The quantity
h=b/(2ZN+1) 1s the mesh step. The periodic boundary con-
dition (12) and (13) are expressed explicitly as:
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i b kb ,
, Wine1=Wi-n 7 (square lattice),

Y, Wy (16)

Eikxb Ez’bf’z(kxh@k}) ,
IPN+1J:¢—NJ ” rlpf_rj'\ﬁ_l:q)fﬁ_N (trla,llgula.r

lattice). (17)

The mesh pomts, which fall inside the conducting poles,
are excluded from the system of linear equations (14) or (15)
using boundary conditions (7) or (8). The boundary condi-
tion 1n (7) 1s implemented by setting the value ot 1, =0 tor
the grid point (1, 1) inside of the conducting cylinder. The
boundary condition (8) 1s implemented as follows. If some
point entering the linear equation (1, 1) falls mside the pole,
one puts the value of 1y 1 this point equal to 1), . This
approximation seems to be crude, but the simplest imple-
mentation of the boundary conditions 1s chosen in order to
preserve the Hermitian nature of the matrix of linear equa-
tions (14) or (15). Since losses 1n electrodynamic system are
neglected, the initial eigenvalue problem 1s Hermitian. It has
been found empirically that the preservation of the Hermi-
t1an nature improves the convergence of the algorithm. Thus
one obtains a closed set of (2N+1)°-M linear equations,
where M 1s the number of the mesh points that fall inside the
conducting cylinder. The matrix of this system 1s Hermitian
and one computes the eigenvalues A from a standard Fortran
subroutine.

FIG. 6A 1s a diagram showing two-dimensional plots of
the normalized frequency wb/c versus normalized wave
vector (k,b/2mw, k b/2m) for the first propagation band 220
and second-propagation band 2235 of a square 2D photonic
bandgap lattice calculated using a/b=0.2. The plots indicate
the presence of a photonic bandgap which 1s seen more
clearly 1in FIG. 6B.

FIG. 6B 1s a diagram that shows an illustrative Brillouin
diagram calculated for a TM mode of an exemplary square
array PBG cavity. A Brillouin diagram 1s a graphical repre-
sentation of the dispersion relation for the PBG structure, as
1s understood by those skilled 1n the theoretical aspects of
the PBG arts. The calculation represented by FIG. 6B was
performed using the parameters k =k =0 and a/b=0.1 The
Brillouin diagram of FIG. 6B shows the presence of a
photonic bandgap 228 everywhere 1n the unit cell as viewed
along the x direction between the first propagation band 220
and the second propagation band 225.

FIG. 6C 1s a diagram that shows the normalized bandgap
width Awb/c vs. a/b calculated for a TM mode of an
illustrative square array PBG cavity using the PBGSS cal-
culation (curve 230) and the curve 240 dernived using quasi-
static theory. A wave vector with (k,, k,, k )=(7/b,0,0) and
small values of a/b are represented. The PBGSS calculations
are 1n good agreement with the quasi-static theory, which 1s

valid for a/b<0.05.

In one embodiment, the PBGSS code of the invention 1s
written 1n modular form, for example in an object oriented
programming (OOP) language commonly used 1n the soft-
ware arts, such as C++. Any suitable programming language
can be used to write the PBGSS code. Other embodiments,
which do not involve modular code, are also possible. Those
of ordinary skill in the programming arts will recognize,
however, that any of the modules (or any convement portion
of the code) can also be created as hardware or as firmware.
In the description that follows, any module described as a
software module can also be prepared in the form of
hard-wired circuitry, programmed logic (such as program-
mable gate arrays (PGAs), read-only memory (ROM), pro-
grammable read-only memory (PROM), and the like), or
some combination of circuitry and logic. The PBGSS code
includes a modeling module, a boundary condition module,
an approximation module, a computation module, an
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optional graphical user interface module, and an optional
display module. The code runs on conventional commer-
cially available computers, as described further below.

The modeling module represents components of a pho-
tonic bandgap structure as a linear equation corresponding to
a unit cell. The modeling module constructs, or defines, the
model of the PBG structure to be solved. The boundary
condition module represents a boundary condition for the
unit cell. The boundary condition module provides infor-
mation about the periodicity and symmetry of the modeled
PBG structure 1n mathematical form suitable for use 1n the
computation. The approximation module approximates the
linear equation using a Hermitian matrix. The approxima-
tion module creates a simplification of the modeled PBG
structure that retains the salient features of the structure
while making the mathematical problem more tractable. The
computation module calculates an eigenvalue of the Helm-
holtz equation 1n a Hermitian matrix form for the umt cell.
The computation module calculates a characteristic solution
of the modeled PBG structure using the simplifications
introduced into the model. The boundary condition 1is
applied to a solution of a Helmholtz equation defined for the
unmit cell. The boundary condition 1s used to generate a
specific solution of the equation of the model that corre-
sponds to the particular PBG structure that 1s modeled.
Those of ordinary skill will recognize that a plurality of
equations, a plurality of boundary conditions, a plurality of
eigenvalues, and matrices of plural dimensionality can be
employed 1n the systems and methods of the invention.

The optional graphical user interface module provides a
graphic user mterface for user interaction with the modeling
module. The graphical user interface i1s a tool that makes
operation of the computational system and method easier for
the non-expert user. The user can nteract with the system,
and can control the method of operation, by invoking
commands through the graphical user interface. The
optional display module displays a calculated eigenvalue
result to a user. The result displayed corresponds to a
photonic energy level 1n a Brillouin zone of the unit cell. The
display module provides a convenient and readily compre-
hensible form of output, such as graphical output or auditory
output, 1n addition to textual or tabular output that a user can
review and retain 1n any convenient form, such as hard copy
delivered by a printer, plotter or the like, or recorded on a
machine-readable medium for display at a later time.

In one embodiment, the user needs one of the Windows™
95/98/NT/2000 operating systems, available from Microsoit
Corporation, Richmond, Wash., to run the PBGSS code on
a conventional commercially available desktop or laptop

computer. Also, in one embodiment, a datasheet program

such as Excel™ 9, which 1s part of the Microsoft™ Office™
2000 available from Microsoft Corporation, Richmond,
Wash., 1s used to display the Brillouin diagrams using the
code. The user, who does not have Microsoft™ QOflice™
2000, can write the data to file and use separate programs for
plotting the dispersion curves.

The PBGSS code works with square and triangular metal
lattices. The code calculates the dispersion diagrams for both
types of lattices. Most importantly, the code calculates the
global band gaps for TE and TM modes in square and
triangular lattices. In addition, the code calculates the width
of a local band gap at symmetry points of the reciprocal
lattice.

Ilustrative examples of the dispersion curves obtained
using the PBGSS code are given 1n FIGS. 7TA-7D. In FIGS.
7A—TD, there are illustrative plots of the several lowest

normalized eigenmodes versus the wave vector k, as k,
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varies from the center of the Brillouin zone (I' point in FIGS.
5A-5B), to the nearest edge of the Brillouin zone (X point
in FIGS. SA-5B), and to the far edge of the Brillouin zone
(M or J point). In FIGS. 7TA-7D, a/b=0.2, and the four cases

correspond to (FIG. 7A) TM mode for a square lattice, (FIG.

7B) TM mode for a triangular lattice, (FIG. 7C) TE mode for

a square lattice, and (FIG. 7D) TE mode for a triangular
lattice.

The results of the global band gaps calculation for both
square and triangular lattices, are given in FIGS. 8 A-8D.
FIGS. 8 A-8D are plots of global frequency band gaps as
functions of a/b as obtained from PBG calculations for (FIG.
8A) TM mode for a square lattice, (FIG. 8B) TM mode for
a triangular lattice, (FIG. 8C) TE mode for a square lattice,
and (FIG. 8D) TE mode for a triangular lattice. FIG. 8A 1s
a diagram of calculated global band gaps for the TM
polarization 1n a series of illustrative 2D square lattices of
metal members, 1n which the range of normalized frequen-
cies (£2=mb/c) 1s plotted as a function of the ratio of rod
radius to lattice spacing (a=a/b). The solid dot in FIG. 8B
represents the operating point of the 17 GHz MIT accelera-
tor cavity. The solid dot 1n FIG. 8D represents the operating,
point of the 140 GHz MIT gyrotron cavity.

While the global TE band gaps 1n the metallic lattice
resemble qualitatively the previously reported global TE and
TM band gaps 1n dielectric lattices, which typically close
with 1increasing a’/b, there are two striking differences
between metallic global TM band gaps and dielectric global
band gaps, which have been calculated previously. First,
there 1s a zeroth-order global TM band gap 1n metallic
lattices, which 1s a cutofl analogous to that 1n a conventional
waveguide and exists for all values of a/b, whereas there 1s
no such cutoil in dielectric lattices for either TE or TM
mode. Second, the width of the global TM band gap in the
metallic lattice increases with increasing a/b, whereas the
global TE and TM band gaps in dielectric lattices typically

close as the ratio a/b increases.

The PBG code was onginally created to verily the single
mode excitation in two PBG experiments conducted recently
at MIT. The first one was the accelerator cavity experiment
with TM mode, and the second one was the gyrotron cavity
experiment with TE mode. The cavities were designed to
climinate the competing modes, which appear 1n conven-
tional accelerator or gyrotron resonators and reduce the
elliciency of the bunch acceleration or mode excitation. The
SUPERFISH and HFSS codes were used for those PB
cavity designs. However, neither SUPERFISH nor HFSS
codes can be used to calculate global band gaps i PBG
cavities and thus cannot serve as a proof of the single mode
excitation. The MIT accelerator cavity and the MIT gyrotron
cavity are briefly described below.

The MIT PBG accelerator cavity 1s made up of a trian-
gular lattice of metal rods and operates 1n the TM mode at
1’7 GHz. The PBG accelerator cavity was first proposed with
the accelerating TM mode formed by a defect 1n a 2D metal
lattice. A defect 1n the 17 GHz MIT accelerator cavity 1s
created by one missing rod. The lattice has the pole radius
a=0.079 c¢cm and the distance between the nearest poles
b=0.64 cm, which corresponds to a/b=1.23 and wb/c=2.28.
The operational point of the cavity 1s shown by the solid dot
in FIG. 8B. It can be seen from the picture that the cavity
operates 1n the zero-order band gap (below the cutofl) and
there are no other bandgaps above. This proves that there 1s
only one mode, which can be confined 1n the cavity. The
higher frequency modes excited by the electron bunch in
conventional accelerator (wakefields) are able to leak
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through the lattice, which provides an eflective damping
mechanism for the wakefields in the cavity.

The MIT PBG gyrotron resonator cavity 1s made up of a
triangular lattice of 102 copper rods and operates in the TE
mode at 140 GHz. Although the tnnangular array can hold
121 rods, but the 19 innermost rods were omitted to create
a defect. The lattice parameters are: pole radius a=0.795 mm
and distance between the nearest poles b=2.03 mm, which
corresponds to a/b=0.39 and wb/c=5.95. The operational
point of the cavity 1s shown by the solid dot 1n FIG. 8D. The
diagram shows that the cavity operates 1n the middle of the
first-order global band gap. The HFSS model of the PBG
gyrotron cavity 1s shown in FIG. 9B with magnitude of the
clectric field 1n the confined mode shown 1n color. The mode
structure resembles the structure of the TE.,; mode of
conventional gyrotron cavity.

Traditional gyrotron cavities are cylindrical copper cavi-
ties with a downtaper to cutoil at the entrance for mode
confinement and an uptaper at the exit for output coupling.
These cavities need to be overmoded to be sufliciently large
to keep the cavity ohmic load to below about 2 kW/cm?,
which 1s a limit imposed by conventional cooling technol-
ogy. In the present invention the cylindrical outer copper
wall 1s replaced with a PBG structure.

A higher order TE-like waveguide mode can exist in this
cavity 1if 1ts resonant frequency lies 1n the stopband (band-
gap) ol the PBG structure. The bandgap can be adjusted such
that the resonant frequencies of all other modes lie 1n the
passband of the lattice and hence can leak through the array
that acts like a transparent wall at those frequencies. Initial
lattice dimensions were chosen using an analytic theory, and
simulations 1n SUPERFISH and simulations using HEFSS
helped refine these dimensions. In FIG. 9B, a perspective
view of the HFSS model of the PBG gyrotron cavity 100 1s
shown. In FIG. 9B, an empty circle 103 designates the
location of each conductive rod or member 102, correspond-
ing to the absence of electric field at that location, since no
field exists within the conductor. The array can hold 121 rods
but the 19 innermost rods (e.g., 1n an hexagonal array, the
center rod and the next two layers of the hexagonal array
surrounding the central rod, comprising 6 and 12 rods,
respectively) have been omitted to form the cavity. The
illustrative embodiment comprises three full hexagonal lay-
ers, and all but the rods at the si1x (6) vertex positions of the
fourth, outermost, hexagonal layer. The frequency of the
confined eigenmode shown in the model 1s 139.97 GHz and
the mode structure resembles the TE,,-like mode of a
conventional cylindrical cavity, which 1s shown in FIG. 9B.
The other neighboring eigenmodes, being 1n the passband of
the lattice, sufler significant losses due to the transparent
cavity wall. Radiation that passes through the array propa-
gates out and 1s not reflected back into the lattice. This
teature of this novel gyrotron cavity i1s designed to permait
strong single mode operation in the TE,,-like mode.

The PBGSS code calculations not only help us with
understanding of the PBG accelerator and PBG gyrotron
experimental results, but also suggest some 1mprovements,
which can be made 1n future cavity designs. For example, as
it can be seen from FIG. 8D, the pole radius 1n the accel-
erator cavity at 17 GHz can be increased without aflecting
the selectivity properties. The increase of the pole radius can
help to solve the problem of the rods cooling, which
becomes critical in high intensity rf accelerators.

FIGS. 9A and 9B are drawings that show the magnitude
of the electric field 1n a mode confined 1n a PBG cavity as
obtained from the HFSS simulations. FIG. 9A shows the
TM,,,-like mode at 17 GHz, and FIG. 9B shows the
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TE.4,;-like mode at 140 GHz. FIG. 9A shows the cross-
section of the HFSS model of the PBG accelerator cavity.
The magnitude of the electric field of the confined mode 1s
shown 1n color. The mode structure resembles the structure
of the TM,,,, mode of a conventional linac pillbox cavity.

The code 1s designed with a graphic user interface, so that
it 1s easy to run 1t. The graphic user itertface allows the user
to mput the parameters of the simulation, to look at the
structure parameters which were entered, and to plot the
results of the dispersion curves calculation.

The flow diagram depicted in FIG. 10 1llustrates the steps
of an embodiment of the method. Alternatively, FIG. 10 can
be understood to depict the relation between the modules
that are provided in an embodiment of an illustrative system.
The flow diagram indicates, at box 1010, that the method
begins with the representation of components of a photonic
bandgap structure to be modeled as one or more linear
equations corresponding to a unit cell structure. One or more
boundary conditions that exist at the edges of the unit cell
are represented, as indicated by box 1020. As indicated 1n
box 1030, the one or more linear equations are approximated
by a Hermitian matrix that corresponds to the unit cell. The
boundary condition or conditions are applied to a solution of
a Helmholtz equation defined for the unit cell, so as to obtain
a particular solution, as indicated by box 1040. As indicated
by box 10350, the solution of the Hermitian matrix equation
1s obtained, whereby one or more eigenvalues of the Helm-
holtz equation are calculated. In one embodiment, the eigen-
value 1s calculated by a finite difference calculation. The unait
cell can have a symmetry element, which can be any one or
more of a center of inversion, a rotation axis, and a mirror
plane. Optionally, the method can include a step of accepting
from a user parameters of the photonic bandgap structure, as
shown by box 1060., For example, the user can control the
representation of components, can adjust the umit cell, and/or
can isert or can modily boundary conditions. For the
convenience of the user, a graphical user interface (“GUI”)
1s optionally provided as shown by box 1060, which GUI
can be used by the user as an input mechanism. Optionally,
the result of the calculation can be displayed for the user, as
indicated by box 1070. The display of the result can 1include
a photonic energy level 1n a Brillouin zone of the unit cell

The Photonic Band Gap Simulator code was developed as
part of an extensive computational investigation of the 2D
metallic photonic band gap structures with application to the
design of vacuum electron devices and radio-frequency
accelerators. The Photonic Band Gap Simulator finite-did-
terence code 1s useful to study the bulk wave propagation
properties in the PBG structures. Two types of metal pole
lattices, namely, square and triangular, have been consid-
ered. One can use the code to compute the dispersion
characteristics for both TE and TM modes and to determine
the global TE and TM band gaps. The band gap structures
in metallic lattices and those in dielectric lattices are strik-
ingly different, especially for TM modes.

The results obtained with the help of PBGSS code have
been validated theoretically as well as experimentally. The
results of the calculations on the global band gaps allow
better understanding of the experimental results. The results
of the calculations also provide usetul information for future
PBG cavity designs. The PBGSS code 1s a reliable software
package that 1s usetul for future PBG research. The result of
the PBGSS calculation can be used to construct operative
photonic bandgap structures, as indicated at box 1080 of
FIG. 10, whether or not the results are optionally displayed
to a user.
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Equivalents

While the invention has been particularly shown and
described with reference to specific preferred embodiments,
it should be understood by those skilled in the art that
vartous changes in form and detaill may be made therein
without departing from the spirit and scope of the invention
as defined by the appended claims.

What 1s claimed 1s:

1. A system for designing a photonic bandgap structure,
comprising;

a modeling module representing components of a photo-

nic bandgap structure as a linear equation correspond-
ing to a unit cell, said linear equation represents a
Helmholtz equation that models the properties exhib-
ited by said components of said photonic bandgap
structure;

a boundary condition module representing a boundary
condition for the unit cell, the boundary condition to be
applied to a solution of said Helmholtz equation
defined for the unit cell;

an approximation module approximating the linear equa-
tion using a Hermitian matrix; and

a computation module calculating an eigenvalue of the
Helmholtz equation in a Hermitian matrix form for the
unit cell.

2. The system of claim 1, further comprising a design
module constructing a photonic bandgap structure in
response to the calculated eigenvalue.

3. The system of claim 1, wherein the computation
module calculates eigenvalues by calculating finite differ-
ences.

4. The system of claim 1, wherein the unit cell has a
symmetry element comprising a selected one of a center of
inversion, a rotation axis and a mirror plane.

5. The system of claim 1, further comprising a graphical
user interface module for providing a graphic user interface
for user interaction with the modeling module.

6. The system of claim 1, further comprising a display
module displaying a calculated eigenvalue result to a user,
the result corresponding to a photonic energy level 1n a
Brillouin zone of the unit cell.

7. A system for designing a photonic bandgap structure,
comprising:

means for representing components of a photonic band-
gap structure as a linear equation corresponding to a
unit cell, said linear equation represents a Helmholtz
equation that models the properties exhibited by said
components of said photonic bandgap structure;

means for representing a boundary condition for the unit
cell, the boundary condition to be applied to a solution
of said Helmholtz equation defined for the unit cell;

means for approximating the linear equation using a
Hermitian matrix; and

means for calculating an eigenvalue of the Helmholtz
equation 1mn a Hermitian matrix form for the unit cell.

8. The system of claim 7, further comprising means for
constructing a photonic bandgap structure in response to the
calculated eigenvalue.

9. The system of claim 7, wherein the means for calcu-
lating an eigenvalue does so by calculating finite differences.

10. The system of claim 7, wherein the unit cell has a
symmetry element comprising a selected one of a center of
inversion, a rotation axis and a mirror plane.

11. The system of claim 7, further comprising means for
providing a graphic user interface for user interaction with
the means for representing components of a photonic band-
gap structure.
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12. The system of claim 7, further comprising means for
displaying a calculated eigenvalue result to a user, the result
corresponding to a photonic energy level 1n a Brillouin zone
of the unit cell.

13. A method of designing a photonic bandgap structure,
comprising the steps of:

representing components of a photonic bandgap structure

as a linear equation corresponding to a unit cell, said
linear equation represents a Helmholtz equation that

models the properties exhibited by said components of 10

said photonic bandgap structure;

representing a boundary condition for the umt cell, the
boundary condition to be applied to a solution of said
Helmholtz equation defined for the unit cell;

approximating the linear equation using a Hermitian 15

matrix corresponding to the unit cell; and
calculating an eigenvalue of the Helmholtz equation by

solving the Hermitian matrix equation.
14. The method of claim 13, wherein the step of calcu-
lating an eigenvalue comprises calculating finite differences.
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15. The method of claim 13, wherein the step of repre-
senting components comprises representing components of
a photonic bandgap structure as a plurality of linear equa-
tions corresponding to a umit cell having a symmetry ele-
ment selected from a center of inversion, a rotation axis and
a mirror plane.

16. The method of claim 13, further comprising the step
ol accepting from user parameters of the photonic bandgap
structure using a graphic user interface.

17. The method of claim 13, further comprising the step
of displaying a result of a design calculation to a user
corresponding to a photonic energy level 1in a Brillouin zone

of the unit cell.

18. A photonic bandgap structure fabricated 1n accordance
with the result of the method of claim 13.
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